Simple Summary: Due to the common occurrence of environmental stressors worldwide, many studies have investigated the detrimental effects of heat stress on poultry production. It has been shown that heat stress negatively affects the welfare and productivity of broilers and laying hens. However, further research is still needed to improve the knowledge of basic mechanisms associated to the negative effects of heat stress in poultry, as well as to develop effective interventions.
Introduction
Stress, a response to adverse stimuli, is difficult to define and understand because of its nebulous perception. According to Selye [1] , "stress is the nonspecific response of the body to any demand", whereas stressor can be defined as "an agent that produces stress at any time". Therefore, stress represents the reaction of the animal organism (i.e., a biological response) to stimuli that disturb its normal physiological equilibrium or homeostasis.
Heat stress results from a negative balance between the net amount of energy flowing from the animal's body to its surrounding environment and the amount of heat energy produced by the animal. This imbalance may be caused by variations of a combination of environmental factors (e.g., sunlight, thermal irradiation, and air temperature, humidity and movement), and characteristics of the animal (e.g., species, metabolism rate, and thermoregulatory mechanisms). Environmental stressors, such as heat stress, are particularly detrimental to animal agriculture [2] [3] [4] . The issue of environmental stress has quickly become a great point of interest in animal agriculture, particularly due to public awareness and concerns.
The importance of animal responses to environmental challenges applies to all species. However, poultry seems to be particularly sensitive to temperature-associated environmental challenges, especially heat stress. It has been suggested that modern poultry genotypes produce more body heat, due to their greater metabolic activity [5, 6] . Understanding and controlling environmental conditions is crucial to successful poultry production and welfare. Therefore, the objective of this review is to compile the current knowledge and evidence available in the scientific (peer-reviewed) literature examining what is known about the importance and impact of heat stress in poultry production, focusing on broilers and laying hens.
Behavioral and Physiological Effects of Heat Stress
Under high temperature conditions, birds alter their behavior and physiological homeostasis seeking thermoregulation, thereby decreasing body temperature. In general, different types of birds react similarly to heat stress, expressing some individual variation in intensity and duration of their responses. A recent study [7] showed that birds subjected to heat stress conditions spend less time feeding, more time drinking and panting, as well as more time with their wings elevated, less time moving or walking, and more time resting.
Animals utilize multiple ways for maintaining thermoregulation and homeostasis when subjected to high environmental temperatures, including increasing radiant, convective and evaporative heat loss by vasodilatation and perspiration [8] . Birds have an additional mechanism to promote heat exchange between their body and the environment, which are the air sacs. Air sacs are very useful during panting, as they promote air circulation on surfaces contributing to increase gas exchanges with the air, and consequently, the evaporative loss of heat [9] . However, it is worth noting that increased panting under heat stress conditions leads to increased carbon dioxide levels and higher blood pH (i.e., alkalosis), which in turn hampers blood bicarbonate availability for egg shell mineralization and induces increased organic acid availability, also decreasing free calcium levels in the blood. This process is very important in breeders and laying hens, as it affects egg shell quality [10] . However, although many studies have attempted to characterize the physiological mechanisms associated to the egg quality decrease in heat stressed birds, there is no definitive knowledge, and several potential pathways are still under investigation, including changes of reproductive hormones levels and of intestinal calcium uptake [11, 12] . Heat stress can affect the reproductive function of poultry in different ways. In females, heat stress can disrupt the normal status of reproductive hormones at the hypothalamus, and at the ovary, leading to reduced systemic levels and functions [13] [14] [15] [16] . Also, negative effects caused by heat stress in males have been shown in different studies. Semen volume, sperm concentration, number of live sperm cells and motility decreased when males were subjected to heat stress [17] [18] [19] .
High environmental temperatures alter the activity of the neuroendocrine system of poultry, resulting in activation of the hypothalamic-pituitary-adrenal (HPA) axis, and elevated plasma corticosterone concentrations [20] [21] [22] [23] . Body temperature and metabolic activity are regulated by the thyroid hormones, triiodothyronine (T3) and thyroxine (T4), and their balance. Previous studies report that T3 concentrations consistently decrease in high temperature conditions [7, 11, 21, 24, 25] , whereas results of heat-mediated alterations on T4 concentrations are inconsistent with studies reporting decrease [26] , increase [11, 27] , or no alteration [7, 28] . Due to the involvement of the thyroid during the onset of puberty and reproductive function in birds, a disruption of thyroid activity by heat stress would be expected to have an effect on reproductive performance of the hens [16] . Moreover, findings reported by Geraert et al. [24] indicate that endocrinological changes caused by chronic heat stress in broilers stimulate lipid accumulation through increased de novo lipogenesis, reduced lipolysis, and enhanced amino acid catabolism.
In summary, heat stress impairs overall poultry and egg production by modifying the bird's neuronedocrine profile both by decreased feed intake and by activation of the HPA axis. In general, birds react similarly to heat stress, but express individual variation of intensity and duration of responses, which may also be affected by intensity and duration of the heat stress event. Another potential cause of variations resides in the fact that heat stress is often times not experienced in isolation, being usually accompanied by other stressors, such as limited housing space and insufficient ventilation, as well as social interactions and previous experiences, which have been shown to affect the individual's stress response [29, 30] . Additionally, increasing evidence indicates that much of the variation in response to heat stress is apparently genetically-based [7, 31, 32] . However, this area still requires further study to increase the currently limited knowledge available. In general, it needs to be kept in mind that animal welfare is a multifactorial concept, based on freedom from disease, ability to perform specific behaviors and to cope with social and environmental conditions [33] .
Effect of Heat Stress on the Immune Response
Many studies have been conducted to elucidate how stress affects the immune response in animals. Modulation of the immune response by the central nervous system (CNS) is mediated by a complex network that operates bi-directionally between the nervous, endocrine and immune systems. The hypothalamic-pituitary-adrenal (HPA) and the sympathetic-adrenal medullar (SAM) axes constitute the main pathways through which the immune response can be altered. It has been shown that lymphocytes, monocytes or macrophages, and granulocytes exhibit receptors for many neuroendocrine products of the HPA and SAM axes, such as cortisol and catecholamines, which can affect cellular trafficking, proliferation, cytokine secretion, antibody production and cytolytic activity. This topic has been the subject of several extensive reviews [34] [35] [36] [37] . However, knowledge continues to be generated, providing increasing insights on the interplay among the nervous, endocrine and immune systems.
In poultry, several studies have investigated the effects of heat stress on the immune response in recent years. In general, all studies show an immunosuppressing effect of heat stress on broilers and laying hens, although using different measurements. For instance, lower relative weights of thymus and spleen has been found in laying hens subjected to heat stress [38] ; reduced lymphoid organ weights have also been reported in broilers under heat stress conditions [22, 39, 40] . Additionally, Felver-Gant et al. [32] observed reduced liver weights in laying hens subjected to chronic heat stress conditions. Bartlett and Smith [41] observed that broilers subjected to heat stress had lower levels of total circulating antibodies, as well as lower specific IgM and IgG levels, both during primary and secondary humoral responses. Moreover, they observed significantly reduced thymus, bursa, spleen, and liver weights. Aengwanich [42] also demonstrated the occurrence of reduced bursa weight in broilers subjected to heat stress, as well as decreased numbers of lymphocytes in the cortex and medulla areas of the bursa.
While reduced systemic humoral immune response has been reported [43] , fewer intraepithelial lymphocytes and IgA-secreting cells in the intestinal tract of laying hens under heat stress have also been observed [44] . Others [39, 40] have also reported reduced antibody response, as well as reduced phagocytic ability of macrophages, in broilers under heat stress. Moreover, reduced macrophages performing phagocytosis, as well as reduced macrophage basal and induced oxidative burst were observed in heat-stressed broilers [22, 23] . Recent studies have also demonstrated that heat stress can alter levels of circulating cells. It has been shown that heat stress causes an increase in heterophil:lymphocyte ratio, due to reduced numbers of circulating lymphocytes and higher numbers of heterophils [32, 45] .
Under environmental stressful conditions, as the bird's body attempts to maintain its thermal homeostasis, increased levels of reactive oxygen species (ROS) occur. As a consequence, the body enters a stage of oxidative stress, and starts producing and releasing heat shock proteins (HSP) to try and protect itself from the deleterious cellular effects of ROS [46] . In fact, higher concentrations of HSP70 were found in broilers and laying hens exposed to heat stress [32, 47] .
Impact of Heat Stress on Poultry Production
Many studies have been published about the effects of heat stress on the efficiency of broiler production. As previously seen, exposure of birds to high environmental temperature generates behavioral, physiological and immunological responses, which impose detrimental consequences to their productivity. Heat stress results in estimated total annual economic loss to the U.S. livestock production industry of $1.69 to $2.36 billion; from this total, $128 to $165 million occurs in the poultry industry [48] .
In a recent study [49] , broilers subjected to chronic heat stress had significantly reduced feed intake (í16.4%), lower body weight (í32.6%), and higher feed conversion ratio (+25.6%) at 42 days of age. Many additional studies have shown impaired growth performance in broilers subjected to heat stress [6, 38, 40, 50, 51] . However, even though the detrimental effects of heat stress in broilers seem to be very consistent, it is important to consider that stocking density has a major role as a potential compounding factor, both from the standpoint of productivity as well as welfare [52] .
It has been reported that chronic heat exposure negatively affects fat deposition and meat quality in broilers, in a breed-dependent manner [53] . In fact, recent studies demonstrated that heat stress is associated with depression of meat chemical composition and quality in broilers [54, 55] . Another recent study [56] demonstrated that chronic heat stress decreased the proportion of breast muscle, while increasing the proportion of thigh muscle in broilers. Moreover, the study also showed that protein content was lower and fat deposition higher in birds subjected to heat stress.
Broilers may be exposed to a variety of stressors during transport from the production farms to the processing facilities, including thermal challenges of the transport microenvironment, acceleration, vibration, motion, impacts, fasting, withdrawal of water, social disruption, and noise [57, 58] . As part of this complex combination of factors, thermal stress, in particular heat stress, plays a major role. The confined conditions within the transport containers reduce the effectiveness of the bird's behavioral and physiological thermoregulatory mechanisms [58] . Consequently, the adverse effects of these factors and their combinations range from mild discomfort to death. In fact, heat stress during transport has been associated with higher mortality rate, decreased meat quality, and reduced welfare status [57] . In a study conducted during the course of 3 years, Warriss et al. [58] demonstrated a seasonal impact with peak mortality rates occurring in the summer months. Moreover, the study showed a progressive, marked increase in broiler mortality as the environmental temperature increased. In a study to determine the factors influencing bruises and mortality of broilers at harvest [59] , percentage of bruises was associated with season, moment of transport, and ambient temperature; the same factors were also associated with increased mortality, in addition to body weight and stocking density, transport and lairage time. Interestingly, it has also been reported that death in transit between production farms and processing facilities is associated with bird size (i.e., larger birds = higher mortality risk) [60] . It is undisputable that the welfare of broiler production is becoming an increasing public concern in relation to both the production stage per se, but also to the harvest process. It is evident that not enough attention has been given to this area, and therefore, further research is critically needed.
Productivity of laying hens flocks may also be affected by a multitude of factors, including environmental stress (such as heat stress), which is probably one of the most commonly occurring challenges in many production systems around of the world. Decreased feed intake is very likely the starting point of most detrimental effects of heat stress on production, leading to decreased body weight, feed efficiency, egg production and quality [44, 61] . However, in addition to decreased feed intake, it has been shown that heat stress leads to reduced dietary digestibility, and decreased plasma protein and calcium levels [62] [63] [64] .
In a recent study [44] , a 12-day heat stress period caused a daily feed intake reduction of 28.58 g/bird, resulting in a 28.8% decrease in egg production. Star et al. [65] reported a reduction of 31.6% in feed conversion, 36.4% in egg production, and 3.41% in egg weight in laying hens subjected to heat stress. In another study [66] , heat stress caused decreased production performance, as well as reduced eggshell thickness, and increased egg breakage. Additionally, heat stress has been shown to cause a significant reduction of egg weight (í3.24%), egg shell thickness (í1.2%), eggshell weight (í9.93%), and eggshell percent (í0.66%) [12] . Corroborating these reports, Mack et al. [7] also observed decreased egg production, egg weight and egg shell thickness in laying hens subjected to heat stress. An interesting series of experiments [67] demonstrated the increasing detrimental effect that chronic heat stress has on egg production. In these experiments, a reduction of 13.2%, 26.4% and 57% occurred in egg production in laying hens subjected to heat stress during 8-14 days, 30-42 days and 43-56 days, respectively. In another study [61] , a marked decrease in egg production (28.8%), feed intake (34.7%) and body weight (19.3%) was also observed in laying hens subjected to chronic heat stress, during a 5-week period.
Although much variation of effects is observed between many of the studies published, the consistent finding of significant impacts of heat stress on egg production and quality is noteworthy. The variability of the effects reported may be easily explained by the use of birds of different age or genetic background, as well as due to variable intensity and duration of the heat stress treatments applied.
Can Heat Stress Impact Food Safety?
Heat stress during the growth period of broilers has been associated with undesirable meat characteristics and quality loss [53, 56, 68] . Additionally, transportation of broilers from farms to processing facilities under high temperature conditions have also been shown to cause meat quality losses [69] [70] [71] . In laying hens, heat stress has been shown to negatively affect egg production and quality [43, 61] . More recently, food safety has become a major issue to the poultry and egg production industry worldwide. In fact, food safety is increasingly being considered an important part of the modern food quality concept.
Colonization of birds by foodborne pathogens, such as Salmonella and Campylobacter, and their subsequent dissemination along the human food chain are a major public health and economic concern in poultry and egg production. In fact, consumption and handling of undercooked poultry products constitutes one of the most commonly implicated sources of foodborne illness [72] [73] [74] [75] .
There is increasing evidence to demonstrate that stress can have a significant deleterious effect on food safety through a variety of potential mechanisms. However, while there is evidence linking stress with pathogen carriage and shedding in farm animals, the mechanisms underlying this effect have not been fully elucidated [76] [77] [78] . Environmental stress has been shown to be a factor that can lead to colonization of farm animals by pathogens, increased fecal shedding and horizontal transmission, and consequently, increased contamination risk of animal products [77] [78] [79] . For a long time, these aspects of animal infections have been attributed to effects of stress-associated hormones and mediators on the immune system (mostly, due to immunosuppression). However, in recent years, a new perspective has been proposed, based on the direct effect of stress-associated hormones and mediators on bacterial pathogens, known as "microbial endocrinology" [80] . Many recent studies have demonstrated that bacteria, such as Salmonella and Campylobacter, are capable of exploiting the neuroendocrine alterations due to the stress response in the host to promote growth and pathogenicity [79, 81] . Therefore, it is of great importance to be aware that environmental stresses, such as heat stress, can potentially alter the host-pathogen interaction.
The gastrointestinal tract is particularly responsive to stressors, which can cause a variety of changes, including alteration of the protective microbiota as well as decreased integrity of the intestinal epithelium [82, 83] . Also, as previously discussed, there is considerable evidence to indicate that response and coping with environmental stressors can modify biological defense systems, such as antibody and cell-mediated immune responses, thereby increasing susceptibility to pathogens. The intestinal tract of poultry harbors a complex and dynamic microbial ecosystem (or microbiome), which may be affected by a variety of factors [84] . Very little has been published on the effects of environmental stressors (particularly, heat stress) on the intestinal microbial ecosystem of poultry. However, studies have been reported demonstrating that heat stress affects the microbial composition as well as the concentration of short-chain fatty acids in the rumen [85, 86] , which is a much more complex microbial system in comparison to the poultry intestinal microbiome. Therefore, it is reasonable to assume that heat stress would also affect the intestinal microbial populations of poultry. However, this knowledge gap still needs to be better explored and understood. For instance, heat stress has been shown to cause increased intestinal permeability in broilers [20] . Altered morphology, as well as changes in the microbial community structure in the intestinal tract of broilers subjected to heat stress have been reported [87] . Moreover, using an ex vivo approach, the same study [87] showed that mucosal attachment of Salmonella Enteritidis increased when tissues originated from heat-stressed birds. Corroborating the intestinal morphology alterations observed in the previous study [87] , more studies [43, 44] also observed morphological alterations in the intestinal tract of laying hens subjected to heat stress, consisting of decreased villus height and ratio of villus height to crypt depth.
Oxidative stress is the starting point of the intestinal permeability dysfunctional process. Under heat stress conditions, increased concentrations of reactive oxygen species (ROS) occur leading to increased intestinal permeability, which in turn facilitates the translocation of bacteria from the intestinal tract. In fact, increased inflammation and translocation of Salmonella Enteritidis in broilers subjected to heat stress has been reported [22, 23] , resulting in increased levels of the pathogen in spleen samples.
It is reasonable to speculate that high environmental temperature would not only affect the bacterial levels in the feces of birds, but also the duration and level of contamination in the environment where feces are deposited, potentially leading to increased dissemination. However, heat stress did not result in higher levels or longer survival of Salmonella shed in feces in a small study [88] . Nevertheless, several epidemiological studies have reported seasonal effects on the occurrence of Salmonella and Campylobacter in flocks of broilers and laying hens, as well as in retail poultry products [89] [90] [91] [92] [93] . Therefore, this area represents a critical gap of knowledge that needs to be filled, due to its wide implications to our understanding of the ecology and epidemiology of pathogens in poultry flocks under high temperature or heat stress conditions.
Conclusion and Final Considerations
Heat stress is one of the most important environmental stressors challenging poultry production worldwide. The negative effects of heat stress on broilers and laying hens range from reduced growth and egg production to decreased poultry and egg quality and safety. However, a major concern should be the negative impact of heat stress on poultry welfare. As presented in this review, much information has been published on the effects of heat stress on productivity and immune response in poultry (broilers and laying hens). However, our understanding of basic mechanisms associated to the reported effects, as well as related to behavior and welfare of the birds under heat stress conditions are in fact scarce.
Finally, it is important to mention that intervention strategies to deal with heat stress conditions have been the focus of many published studies, which apply different approaches, including environmental management (such as facilities design, ventilation, sprinkling, shading, etc.), nutritional manipulation (i.e., diet formulation according to the metabolic condition of the birds), as well as inclusion of feed additives in the diet (e.g., antioxidants, vitamins, minerals, probiotics, prebiotics, essential oils, etc.) and water supplementation with electrolytes. Nevertheless, effectiveness of most of the interventions has been variable or inconsistent. More recently, two innovative approaches have been explored, including early-life conditioning (i.e., perinatal heat acclimation) and genetic selection of breeds with increased capacity of coping with heat stress conditions (i.e., increased heat tolerance). However, these potential opportunities, although promising (particularly, for poultry production in hot climatic regions), still require further research and development.
Conflict of Interest
Mention of trade names or commercial products in this article is solely for the purpose of providing specific information and does not imply recommendation or endorsement of the U.S. Department of Agriculture. USDA is an equal opportunity provider and employer.
